The phospholipid composition and the phospholipase C activity of envelope fractions of Escherichia coli B were determined with special consideration of fractions containing sites at which an attachment of inner and outer membranes had been observed in the 
The envelope of growing gram-negative bacteria is composed of the inner membrane (IM) and the outer membrane (OM) (2) (3) (4) . Zones of intimate contact between the two membranes have been shown to represent areas at which newly synthesized lipopolysaccharides, capsule polysaccharides, and proteins are inserted into the OM (6, 26, 31, 34) and where a great variety of bacteriophages inject their DNA (5 (8) .
Lipid components of membranes seem to play a significant role in the viral infection process of eucaryotic and procaryotic cells (18, 23) , and the activity of bacteriophage receptor proteins is strongly enhanced in the presence of lipids and the lipid portion of lipopolysaccharides (15, 17, 36) . Furthermore, phosphatidylglycerol (PG) and cardiolipin (CL) in reconstituted membrane vesicles have been implicated to trigger DNA release from the T4 capsid (13) .
In enterobacteria essentially all phospholipids are located in the cell envelope (11) . In Escherichia coli and in other gram-negative bacteria, phosphatidylethanolamine (PE) and PG are the major phospholipid species, CL being one of the minor phospholipids (1, 24, 28) . We investigated the phosphoglyceride composition as well as the phospholipase activity of envelope fractions of E. coli B, especially of those gradient fractions which contain material of the membrane adhesion sites. We studied the phospholipid content and the distribution of phospholipid species in all membrane vesicle fractions obtained by pressure cell disruption of E. coli B envelopes. We also determined the phospholipase C activity of these membrane vesicle fractions using phosphatidyl 
MATERIALS AND METHODS
Radioactive labeling of bacterial membranes. Membrane phospholipids were labeled by supplementation of the growth medium with fatty acid (24) . We used palinitic acid (C16:0), the major fatty acid in E. coli phospholipids (11) Lipid extraction and chromatography. Membrane fractions were extracted according to the procedure of Bligh and Dyer (10) . Lipids were taken up in 50 RI of chloroform-methanol (2:1) and chromatographed by two-dimensional thin-layer chromatography (TLC) on Silica Gel H plates (Analtech, Newark, Del.) (37) . Acidic phospholipids were run first in chloroform-methanol-7 N NH40H (195:90:12) and second in chloroform-methanol-acetic acid-double-distilled H20 (170:25:25:3) (19). One-dimensional TLC was used for the determination of free fatty acids and glycerides (in petroleum ether-diethyl ether-acetic acid, 80:20:1.1), lysophosphatides and phosphoglycerides (in chloroformmethanol-double-distilled H20, 50:16.5:2, or in chloroformmethanol-7 N NH40H, 65:27:5), and choline containing phospholipids (in chloroform-methanol-acetic acid, 65:25:8). Phospholipids were visualized with iodine vapor, phosphate spray reagent (12) , or Dragendorf reagent for choline (19 added. The mixtures were agitated on a Vortex mixer for 1 min and then chilled on ice. Nonlipid material recovered in the upper (methanol-H20) phases was collected, the chloroform phases washed with 120 plA of methanol and 60 p1 of 0.9% NaCl and centrifuged as before, and the aqueousphases combined. The radioactivity was recorded; 1 U of phospholipase C produces 1 pumol of phosphocholine per min at 37°C (20) .
The methanol-H20 phases were chromatographed on Whatman paper no. 3 in 1-propanol-ammonia-double-distilled H20 (6:3:1, vol/vol) (29) . Phosphorylcholine, glycerophosphorylcholine, PE, lyso-PE, and PC were used as reference compounds and cochromatographed with radioactive extract fractions. After being stained with iodine, molybdenum blue, or Dragendorf stain, identified paper sections were eluted in small volumes of methanol, and their radioactivities were determined. RESULTS Uptake of (Fig. 1B) . A comparison of the labeled phosphoglycerides extracted from membrane fractions showed that the OM contained 61%, the IM 48%, and the Int.M 80% of the respective fatty acid contents in phospholipid moieties.
Phospholipid composition of membrane fractions. OM, Int.M, and IM vesicles differ significantly in phospholipid composition (Table 1) . OM fractions contained the largest proportion of PE and were relatively deficient in both PG and CL. The IM contained the least amount of PE and contained elevated levels of PG and CL. In the Int.M vesicles the concentrations of PE, PG, and CL were found to be between those of the OM and IM fractions. However, the concentration of PG in the Int.M was almost as high as that found in the IM; in some experiments the PG concentration was even slightly higher in Int.M fractions. The identities of PS, lyso-PE, and phosphatidic acid detected by two-dimensional TLC were confirmed by reextraction and rechromatography on TLC plates in chloroform-methanol-7 N NH40H. In general, the amounts of PS, lyso-PE, and phosphatidic acid in all E. coli B membrane fractions were rather low.
The quantitative ratios of PE, PG, and CL in E. coli B OM and IM vesicles are comparable with those of the Salmonella typhimurium envelope (28) .
Phospholipase C and lysophospholipase activities. Bacterial phospholipase C degrades several phosphoglycerides, most notably PC and PE (21, 35) . The enzyme hydrolyzes the phosphodiester linkage of PC and releases diglyceride and water-soluble phosphocholine. To measure the enzyme activity of individual membrane fractions we based our calculations exclusively on the hydrolysis of the external substrate, dipalmitoylphosphatidyl[methyl-"4C]choline. Fig. 1 illustrates that in addition to fraction 9, the highest enzyme activities were detected in the well-separated lighter fractions of the OM (fractions 5 and 6) and the heavier fraction of the IM (fraction 11).
Product identification. To identify the products of phosphatidylcholine degradation we cochromatographed substrate digests with synthetic references in 1-propanol-ammonium hydroxide-H20. We found glycerophosphoryl[methyl-14C]choline, which indicates the combined action of lysophospholipase and phospholipase B. Glycerophosphoryl[methyl-14C]choline accounted for 30% of the total radioactivity when peak fractions of the OM, IM, or Int.M were used to hydrolyze the labeled substrate (lysophospholipase and phospholipase B are known to be present in the E. coli envelope [29, 32] ). However, 70% of the total radioactivity was recovered as phosphoryl[methyl-14C]choline, the product of substrate hydrolysis by phospholipase C. The latter enzyme was therefore mainly responsible for the hydrolysis of the labeled substrate under the incubation conditions used (29) , thus demonstrating the presence of phospholipase C in the well-separated vesicle fractions of the OM, IM, and Int.M of E. coli B.
DISCUSSION
Previous studies have shown that total envelope phospholipids of enterobacteria and of other gram-negative organisms are, in general, similar and that the relative amounts of the major phospholipids depend on the growth phase of the cells (1, 14, 30) . In our experiments growth conditions were kept constant, allowing a comparison between the relative amounts of phospholipid species in isolated membrane fractions of E. coli B, Because of the chimeric nature of the Int.M fractions which contain the membrane adhesion sites, concentrations of PE, PG, and CL lie between those detected in the OM and IM (Table 1 ) thereby setting the stage for a concentration gradient at the insertion or contact site of the IM with the OM. We were especially interested in comparing the amounts of PG and CL in the OM and in the Int.M since these two phospholipid species had been implicated in the process of phage DNA injection in E. coli strains (13) . Our previous electron microscopy studies had shown that OM-IM connections in the envelope of E. coli B (about 200 to 400 per cell) can bind phages irreversibly and trigger the DNA injection (3, 4) . It is possible that at the adhesion sites the higher PG or CL levels form a "patch" that is recognizable from the outer leaflet of the OM. Such a patch may possibly present a signal for the phage particle to inject its DNA. The adhesion sites are, as suggested earlier (5), areas at which separation of IM and OM is hindered. This might be due to the various export activities forming functional bridges between the two membrane systems.
It has been suggested that phospholipases can serve as useful tools in localizing the phospholipid turnover and renewal processes in biological membranes (38) . A number of functions involving the export and insertion of membrane constituents have been shown to occur at membrane adhesion sites (6, 26, 31, 34) . In this respect we would like to mention preliminary studies which showed that diaminopimelic acid label is also initially incorporated into gradient zones containing the adhesion sites; the diaminopimelic acid label is rapidly shifted to the OM fractions (M. E. Bayer and M. H. Bayer, 13th International Congress of Microbiology, Boston, abstr. no. P48:6, 1982) . Recently we described the activity of phospholipase B (Al and A2) in membrane fractions of Salmonella anatum and found the enzyme not only present at the outer membrane but predominantly associated with the Int.M (8) . In this study we report that the phospholipid-hydrolyzing enzyme phospholipase C is present in well-separated membrane fractions of E. coli B and that the Int.M and IM contain the highest enzyme levels. The enzymes of phospholipid synthesis are with one exception integrated proteins of the IM (11); lipid-degrading activities, however, are specific components of the OM (9, 27, 32) . The presence of phospholipase C, lysophospholipase, and phospholipase B (lipid acyl hydrolase) in fractions of the Int.M suggests to us a clustering of lipolytic activities in these membrane preparations. These data add another set of functions to the activities of these membrane zones which appear to play a central role in cell surface morphogenesis.
